Affinity chromatography was used to analyse the bond between encephalomyocarditis (EMC) virus and glycophorin, the receptor for EMC virus on human erythrocytes. Between 60 and 80~o of glycophorin added to virus-Sepharose columns was retained compared with 10 to 20 % retention on glycine-Sepharose columns. Elution with 0.2 M-NaC1 released about 80 to 90% of the retained glycophorin from virus-Sepharose columns but little from glycine-Sepharose. Glycophorin remaining on either the virus or glycine columns after 0.2 i-NaCl treatment was released with Triton X-100, suggesting that this material was aggregated and trapped non-specifically. The sensitivity of the EMC virus-glycophorin bond to 0.2 M-NaC1 was confirmed by showing that the radiolabelled EMC virus that bound to human erythrocyte membranes in 0-02 M-phosphate buffer was released when washed with this buffer containing 0.2 M-NaC1. It was concluded that weak ionic interactions were involved in this virus-receptor bond. Treatment of glycophorin with neuraminidase prevented it binding to EMC virus-Sepharose indicating the requirement for sialic acid for receptor activity. However, other sialylated molecules did not bind. Only one chymotryptic peptide of glycophorin (CH0) bound to EMC virus-Sepharose, confirming that this peptide contains the virus-binding site as had been previously suggested using other techniques. The effects of two non-ionic detergents and two anionic detergents on the virus-glycophorin bond were examined. In each case a very low concentration of detergent disrupted the bond and the concentration required was in parallel with that which dissolved erythrocyte membranes. It appears that multivalent glycophorin aggregates are required for stable bond formation. t Present address: Building 30, Room 122,
INTRODUCTION
The physiological significance of the attachment of viruses to mammalian erythrocytes, which are incapable of being infected by viruses, is unknown. One suggestion for these interactions is that they may help the host to resist or overcome infection by aiding clearance of the virus and by presenting the virus more effectively as an antigen to immunocompetent cells (McClintock et al., 1980) . Whatever the explanation, virus-erythrocyte interactions provide model systems to develop strategies for the examination of receptors on cells in which viruses replicate.
We are studying the attachment of encephalomyocarditis (EMC) virus to the relatively wellcharacterized human erythrocyte surface membrane in order to reveal details of the molecular nature of one of the receptors for EMC virus. We have shown that the receptor for this virus on human erythrocytes is the major sialoglycoprotein, glycophorin A, and we have identified a region on this molecule involved in attachment (Allaway & Burness, 1986 ). In the study described here, the nature of the interaction between isolated glycophorin and EMC virus was examined using virus-Sepharose affinity chromatography to determine the specificity of the glycophorin-EMC virus bond and the sensitivity of this bond to changes in ionic strength and detergent concentration. It was anticipated that the experience gained in working with the erythrocyte receptor could be applied to the isolation by affinity chromatography of receptors from cells supporting EMC virus growth.
METHODS
Materials. aH-labelled amino acids, sodium [3H]borohydride and Aquasol-2 were from New England Nuclear; 125I and 131[ were from Amersham; 3, 4, was from Pierce Chemical Co. (Rockford, II1., U.S.A.); CNBr-activated Sepharose was from Pharmacia; Vibrio cholerae neuraminidase was from Calbiochem-Behring; lithium 3,5-diiodosalicylate and Triton X-100 were from Eastman Kodak; fetuin (type IV), octyl glucoside, sodium deoxycholate and SDS were from Sigma. Outdated human type O blood was obtained from the Canadian Red Cross Blood Transfusion Service.
Erythrocyte membranes. These were prepared from outdated type O human erythrocytes by hypotonic lysis (Fairbanks et al., 1971) .
Glycophorin. Preparations of glycophorin were obtained by lithium 3,5-diiodosalicylate-phenol extraction of erythrocyte membranes (Marchesi & Andrews, 1971) . Such preparations consist predominantly of glycophorin A molecules, which are probably the sole receptors for EMC virus on human erythrocytes (Allaway & Burness, 1986) together with small amounts of glycophorins B and C (Furthmayr, 1978) . In this present report, the use of the term glycophorin denotes this mixture.
Glycophorin was labelled with l zsI or 131I using IODO-GEN (Fraker & Speck, 1978) as described by Markwell & Fox (1978) .
1311_labelled chymotryptic peptides of glycophorin, purified by gel filtration (Burness & Pardoe, 1983) , were kindly supplied by I.U. Pardoe.
Virus. The K2 strain of EMC virus was grown in Krebs ascites tumour cells and purified as described previously (Burness et al., 1974) . 3H-labelled EMC virus was produced by addition of a 3H-labelled amino acid mixture to the culture medium during virus growth (Burness et al., 1974) .
EMC virus-Sepharose. Virus (0-1 or 0-5 mg) was combined with 0.3 g CNBr-activated Sepharose 4B using the recommended conditions supplied by the manufaizturer of the activated Sepharose. After linkage had occurred, unreacted sites were blocked with 0-2 M-glycine. Non-covalently bound material was removed by extensive, alternating washes of the product in 0.1 M-sodium acetate buffer pH 4.0 and 0-1 M-sodium bicarbonate buffer pH 8.3, both containing 0-5 M-NaC1.
Affinity chromatography. The total EMC virus-Sepharose product was transferred in 0-02 M-sodium phosphate buffer pH 8.0 to a 7 mm internal diameter glass column. 1251. or 131 I-labelled glycophorin was added to the column in 0.02 M-phosphate buffer which was also used to wash the column until unbound material was fully removed. The column was then washed with 0.02 M-phosphate pH 8.0 containing the appropriate NaC1 concentration or detergent and, in most runs unless specified, 0-1 ~ sodium deoxycholate. Chromatographic runs were performed at flow rates of 4 ml/h at room temperature. Fractions of 1 ml were collected for radioactivity measurements in a Beckman gamma counter 300.
Solubilization oferythrocyte membranes. Human outdated type O erythrocytes were prepared and labelled by the periodate-[3H]boruhydride method, which selectively labels sialoglycoproteins, as described by Gahmberg & Andersson (1977) . 3H-labelled membranes (approx. 13 Ixg) were incubated for 30 min in siliconized 1.5 ml microcentrifuge tubes first with 0.02 M-phosphate buffer and then with the same buffer containing sequential increases in detergent concentration. At the end of each incubation stage, the sample was centrifuged for 5 min at 15 600 g and the supernatant fluid removed for radioactivity measurements by scintillation counting in Aquasol-2.
Binding of 3H-labelled virus to erythrocyte membranes. 3H-labelled EMC virus was incubated with about 100 p.g human erythrocyte membranes for 30 min in 0-02 M-phosphate buffer pH 8-0. Membranes and bound virus were pelleted by centrifugation for 5 min at 15600 g and washed in the same buffer. The membranes were then incubated with phosphate buffer containing various concentrations of NaCI for 15 rain at room temperature after which the samples were centrifuged once more and the amount of virus released was estimated by radioactivity measurements on the supernatants as described above. or 0.5 mg virus was used, more than 90~o remained covalently attached to the Sepharose after extensive washing with sodium bicarbonate buffer pH 8.3 and sodium acetate buffer pH 4.0 containing 0-5 M-NaC1. Cardioviruses including EMC virus are unstable in the range ofpH 5 to 6 in the presence of halide ions (Spier, 1962; Dunker & Rueckert, 1971 ). The EMC virus-Sepharose described in these studies must have been exposed to these pH conditions but the virus was stable as shown here. Presumably the washes with buffers ofpH 4.0 and 8.3 caused an extremely rapid shift in pH and, therefore, exposure to pH 5 to 6 was transient and resulted in insignificant virus degradation if at all. Prolonged incubation with 0.05~ (1-7 mM) SDS, 0.1~ (1.6 mM) Triton X-100 or 0.5 ~ (12.1 mM) sodium deoxycholate resulted in release of less than 5 ~o of the 3H-labelled virus.
RESULTS

Stability of EMC virus-Sepharose
EMC virus-Sepharose columns were used over periods of several weeks without appreciable reduction in per cent binding even when run at room temperature for repeated binding and elution of glycophorin.
Properties of virus-Sepharose columns
Between 60 and 80 ~ of 13 li_labelled glycophorin was retained when added to an EMC virus-Sepharose column in 0-02 M-sodium phosphate buffer pH 8.0. Addition of increasing concentrations of NaC1 to the eluting buffer caused progressive elution of glycophorin up to 0.2 M-NaC1 after which further increases in NaC1 concentration eluted no more glycophorin. The remaining 10 to 20~ of the glycophorin retained on the column was released by elution with 0.1 ~o Triton X-100 ( Fig. 1) . Slight variations were found with different batches of glycophorin, giving the range of values quoted above.
In order to determine whether glycophorin binding to the column was virus-specific, a column was prepared using glycine in place of EMC virus. Close to 80~ of 1311-labelled glycophorin added to the glycine-Sepharose in 0.02 M-sodium phosphate was not held back by the column. Addition of NaC1 up to 0-2 M eluted little of the glycophorin that was retained but most of this was released by subsequent elution with 0.1~ Triton X-100 ( Fig. 1 ). Similar results were It was concluded that the major glycophorin fraction which bound to the virus column and was eluted with 0.2 M-NaC1 represented virus-specific binding whereas the minor fraction which was eluted with 0.1~ Triton X-100 represented non-specific binding possibly due to the presence of aggregates of glycophorin which were trapped on the top of the column and which were broken up by the detergent.
Addition of 0.1 ~o Triton X-100 to 0.02 M-sodium phosphate buffer in which glycophorin was added to the virus-Sepharose column prevented glycophorin binding. However, when Triton X-100 was replaced by 0.1 ~ sodium deoxycholate in the buffer, specific binding glycophorin (material eluted with 0.2 M-NaC1) increased by approximately 109/oo at the expense of nonspecifically retained glycophorin (material eluted with 0.1 ~ Triton X-100 added subsequently). One explanation of this result is that large gtycophorin aggregates are normally trapped on top of the column bed but these are partly dissolved by sodium deoxycholate allowing them to penetrate the column and bind specifically to EMC virus. Subsequent experiments incorporated 0.1 ~ sodium deoxycholate in elution buffers except where indicated.
The maximum capacity of the virus-Sepharose column for glycophorin binding was determined by saturating the column with non-radioactive glycophorin. The column was regarded as saturated with glycophorin when it failed to retain 12SI-labelled glycophorin added subsequently. Bound glycophorin was then eluted with 0.2 M-NaC1 containing 0.1 ~/o sodium deoxycholate and the protein concentration was determined by the method of Lowry et al. (1951) . A column prepared with 0.1 mg EMC virus bound 15.1 ~tg glycophorin. This is equivalent to about 40 glycophorin molecules bound per virus particle based on a glycophorin mol. wt. of 3.1 x 104 (Marchesi et al., 1976 ) and a particle weight for EMC virus of 8.5 x 106 (Burness & Clothier, 1970) . However, some of the glycophorin molecules are present as aggregates so that these calculations overestimate the number of binding sites per virion.
Nature of the bond between glycophorin and EMC virus
The bond holding glycophorin on virus-Sepharose was disrupted not only by 0.2 M-NaC1 but also by other salts such as 0.2 M-KC1, 0.2 M-CsCI, 0-1 M-Na2HPO, whereas some non-ionic compounds tested, e.g. 0.2 M-sucrose, were ineffective. The disruption of the glycophorin-EMC virus bond by 0.2 M-NaCI was unexpected since this concentration is close to isotonicity. To see if it also applies to virus attached to human erythrocyte membranes, a series of virus binding and elution experimentswere performed. When 3H-labelled EMC virus was incubated with erythrocyte membranes in 0.02 M-phosphate buffer pH 8.0, 75 to 80~ of the labelled virus remained attached after centrifugation and washing of the membranes in this buffer. Incubation of the membranes with virus attached in buffer containing 0.2 M-NaC1 for 15 min at room temperature released approximately 80~o of the bound counts (Table 1) . If, instead of using one- step elution with 0.2 M-NaC1, the membranes were incubated sequentially with 0.05 M, 0"1 M, 0"2 M, and 0.5 M-NaC1, most of the label was released by 0.2 M-NaC1 (Table 1) . Thus, whether EMC virus is attached to glycophorin in red cell membranes or covalently linked to Sepharose, the bonds appear to be similar in that in both instances they are broken to some extent by 0.1 M-NaCI, or less, and the majority are disrupted by 0.2 M-NaC1 (compare Fig. 1 and Table 1 ).
Specificity of the bond between glycophorin and EMC virus-Sepharose
EMC virus does not attach to erythrocytes which have been treated with neuraminidase to remove sialic acid (Verlinde & de Baan, 1949; Angel & Burness, 1977) . Similarly, glycophorin extracted from human erythrocytes then desialylated by incubating with neuraminidase loses its ability to inhibit haemagglutination by EMC virus (Enegren & Burness, 1977; . To determine whether binding of glycophorin to EMC virus-Sepharose was similarly dependent upon the presence of sialic acid, radioiodinated glycophorin (about 0.1 ~tg) was incubated with 5 x 10 -3 international units (I.U.) Vibrio cholerae neuraminidase for 30 min at 37 °C then examined by chromatography on an EMC virus-Sepharose column. Only about 2 ~ of the material was bound specifically as defined by elution with 0.2 M-NaC1, demonstrating a role for sialic acid in the binding. To determine whether the presence of sialic acid on any glycoprotein would lead to binding, the sialoglycoprotein fetuin was radioiodinated and chromatographed but less than 3 ~ of the radioactivity bound specifically to the EMC virus column.
That the presence of sialic acid in itself was insufficient to confer EMC virus-binding properties on any polypeptide was also shown by examining the binding of 125I-labelled chymotryptic peptides of glycophorin to EMC virus-Sepharose. When individual peptides were applied to the column, it was found that peptides CH1, CH2 and CH3 showed little specific binding (Table 2) although all are sialylated (Burness & Pardoe, 1983) . In contrast, a much larger proportion of peptide CH0 bound specifically to the column (Table 2 ). Peptide CH0 is sialylated but in addition contains a transmembrane region (Burness & Pardoe, 1983) . In the absence of sodium deoxycholate in the buffer, the recovery of peptide CH0 was poor, presumably due to aggregates being trapped at the top of the column. Recovery was considerably improved by incorporating this detergent (Table 2), as described above for glycophorin. The relative binding of the chymotryptic peptides to EMC virus-Sepharose was parallel to the inhibition of haemagglutination by these peptides (Burness & Pardoe, 1983) .
The effect of detergents on the glycophorin-EMC virus bond
Isolated glycophorin preparations contain agrregates of several hundred glycophorin molecules as determined by gel filtration (G. P. Allaway & A. T. H. Burness, unpublished results) . To determine whether aggregation of the receptor was important for interaction with virus, the effects of detergents on the glycophorin-EMC virus bond were examined. At the same time it was hoped to determine conditions that might be suitable for isolating receptors from detergent-solubilized cell membranes. The ionic detergents SDS and sodium deoxycholate and * 125I-labelled glycophorin in detergent-free 0.02 M-phosphate buffer was bound to an EMC virubSepharose column. Sequential increases in detergent concentration were then applied until all bound counts were eluted. The figures given are cumulative per cent elution of [t25I] (-, not measured).
t 3H-labelled erythrocyte membranes were incubated with sequential increasing concentrations of different detergents and the released radioactivity was measured. The figures given are cumulative per cent dissolution of membranes (-, not measured).
the non-ionic detergents Triton X-100 and octyl glucoside were used for this purpose. Radioiodinated glycophorin was bound to EMC virus-Sepharose in 0.02 M-phosphate buffer and the column was subjected to elution with stepwise increases in the concentration of detergent (Table 3) . Parallel measurements of the amounts of [3H]sialoglycopeptide released from erythrocyte membranes by the detergents were also carried out as a measure of their abilities to disrupt hydrophobic bonds (Table 3) . It was immediately apparent that much lower concentrations of detergents disrupted the glycophorin-virus bond than were necessary for salts (Table 1) . The concentration required for glycophorin elution was different for each detergent, but these differences closely mirrored the relative abilities of the detergents to solubilize cell membranes.
DISCUSSION
We have shown here that the interaction between flee glycophorin and EMC virus covalently linked to Scpharose is similar to the interaction between virus and glycophorin when present in the erythrocyte surface membrane. In both cases, attachment is inhibited by salts, suggesting that weak ionic interactions are involved in the binding. Further, treatment of the glycophorin, free in solution or in situ, with neuraminidase inhibits the attachment suggesting that sialic acid residues on the receptor form one side of the ionic bond. However, the failure of the sialoglycoprotein, fetuin or of several glycophorin chymotryptic sialoglycopeptides to bind to the virus-Sepharose shows that the presence of sialic acid on a molecule per se is insufficient to result in binding and that other features of the molecule must be important.
One apparent difference between binding of glycophorin to virus-Sepharose and virus to erythrocyte membranes is that whereas most of the glycophorin is eluted from EMC virus-Sepharose in buffers containing 0.1 M-NaC1 (Fig. 1) , less than half of the virus on erythrocyte membranes was cluted by 0.1 M-NaC1, most of the remainder requiring 0.2 M-NaC1 for elution. The sensitivity of the glycophorin EMC virus-Sepharose bond to disruption by0-1M-NaClwas surprising since the virus attaches to erythrocytes under physiological conditions (0.14 M-NaC1), although perhaps less efficiently than in 0.08 M-NaC1 (Jungeblut, 1958) . Furthermore, experiments complementary to those reported here showed that EMC virus binds with high efficiency to glycophorin complexed with wheatgerm agglutinin-Sepharose in buffers containing 0.1 M-NaC1 although virus was displaced by 0.2 M-NaC1 . A possible explanation for the apparent contradiction that the glycophorin-EMC virus bond is stable in 0.1 M-NaC1 under some but not all conditions is that when virus in the mobile phase interacts with the erythrocyte surface, or with glycophorin-Sepharose, the receptor is present in a large excess whereas in the experiments reported here with glycophorin in the mobile phase the receptor to virus ratio was not so great and insufficient glycophorin was in an active form to bind the virus at salt concentrations of 0.1 M and above. An alternative possibility is that the covalent binding of EMC virus to Sepharose results in a reduced affinity of the virus for its receptor through mechanisms such as steric hindrance or altered virus structure.
In contrast with the effect of salts, detergents disrupt the glycophorin-virus bond at very low concentrations. Such concentrations are similar to those required to release glycophorin from membranes and so it was concluded initially that detergent solubilization of membranes followed by affinity chromatography on virus-Sepharose columns would not be suitable for isolating EMC virus receptors. However, it has since been shown that diluting the detergent following membrane solubilization allows glycophorin to bind specifically to a virus-Sepharose column and the procedure is presently being investigated further to isolate virus receptors from nucleated host cells.
Whereas elution of glycophorin by salts probably results from the breakage of weak ionic bonds between virus and receptor, the much lower concentration of detergents required for elution suggests that alternative mechanisms are involved in the latter case. The individual detergent concentrations required for elution are similar to those which disrupt hydrophobic bonds between membrane components (Table 3) . Therefore, it is suggested that in the absence of detergents, glycophorin occurs in the form of aggregates which are held together by the hydrophobic transmembrane domain allowing multivalent bonding between receptor and virus-Sepharose, but in the presence of detergents, the aggregates are dissociated permitting only single or low numbers of easily disrupted bonds to be established. This is supported by a previous study in this laboratory which has shown that glycophorin is present as monomers in 0.5~ (12.1 mM) sodium deoxycholate and 0.1~ (1.6 mM) Triton X-100, or dimers or trimers in 0-1~ (3.5 mM) SDS . In the latter study, EMC virus did not bind to glycophorinwheatgerm agglutinin-Sepharose in the presence of 0.1 ~ SDS; it was suggested that this might be due either to steric hindrance of the glycophorin oligomers bound to wheatgerm agglutinin or to a requirement for multivalent binding. The present study indicates that the second hypothesis is probably correct. A requirement for multivalent binding would also explain why only that chymotryptic peptide of glycophorin, CH0 which includes the hydrophobic transmembrane region and which readily aggregates (Burness & Pardoe, 1983) , binds to EMC virus.
